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Optical bistability enabled control of resonant light transmission for an 

atom-cavity system 
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The control of light transmission through a Fabry-Perot cavity containing atoms is theoretically 
investigated, when the cavity mode beam and an intersecting control beam are both close to specihc 
atomic resonances. A four-level atomic system is considered and its interaction with the cavity 
mode is studied by solving for the time dependent cavity field and atomic state populations. The 
conditions for optical bistability of the atom-cavity system are obtained in steady state limit. For 
an ensemble of atoms in the cavity mode, the response of the intra-cavity light intensity to the 
intersecting resonant beam is understood for stationary atoms (closed system) and non-static atoms 
(open system). The open system is modelled by adjusting the atomic state populations to represent 
the exchange of atoms in the cavity mode, with the thermal environment. The solutions to the 
model are used to qualitatively explain the observed steady state and transient behaviour of the 
light in the cavity mode, in Sharma et. al. [T]. The control behaviour with three- and two-level 
atomic systems is also studied, and the rich physics arising out of these systems, for closed and open 
atomic systems is discussed. 

PACS numbers: 37.30.+i, 42.50.Gy, 42.65.Pc. 


I. INTRODUCTION 

A resonantly coupled atom-cavity system can be uti¬ 
lized to explore various possibilities, ranging from linear 
and nonlinear physics m. single photon-atom cavity 
systems pT)Hl4] all the way to multiple atoms 
in a cavity supported mode. In this article we theoreti¬ 
cally explore the manipulation of the cavity mode {probe) 
light for an atom-cavity system, where the light is on res¬ 
onance or near resonant with a dipole transition of the 
atoms contained within the mode volume. The trans¬ 
mission of light through the cavity, on resonance with 
the atoms, is altered in the presence of another trans¬ 
verse {control) beam of light on atomic resonance, which 
affects the state population of the atoms in the cavity 
mode. A significant feature of this work is the effect on 
light transmission when the atoms are stationary within 
the cavity mode, that is a closed system for the atoms 
and also for an open system of atoms, where the cav¬ 
ity mode atoms are exchanged with a reservoir of atoms 
in mixed ground states. The two cases lead to different 
experimental behaviour. 

The atom-cavity system is modelled and optical bista¬ 
bility of the resonant atom-cavity system is derived. The 
model solves for steady state and transient evolution of 
this system. A four-level atomic system is considered 
initially, and three- and two- level systems are discussed 
subsequently. The connection to experiments is made by 
considering the various atomic subsystems for the ®^Rb 
atom, and the present model provides the requisite in¬ 
sights for a qualitative understanding of the experimen¬ 
tal results in Sharma et. al. [T]. The application of this 
model to laser cooled atoms [TS] or ions coupled to a cav- 
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ity, is discussed. Further, the flow of atoms in and out of 
the cavity mode is included by modelling the residence 
time of an atom in the cavity mode, so that the transient 
behaviour of the atom-cavity systems can be captured. 
Comparisons with the experiments of Sharma et. al. [T] 
are made where applicable, and the fact that the model 
furnishes explanations for the experimentally observed 
features validates the theoretical model. The model it¬ 
self is more general that the experimental results [T] and 
sets the platform for a variety of experiments. 


II. THE ATOM-CAVITY SYSTEM 

Consider a cavity with finesse F and mode volume 
V, which encloses a thermal vapour of atoms. In the 
model here, we assume that the atomic reservoir is sig¬ 
nificantly larger than the cavity mode volume. This al¬ 
lows the study of the atom-cavity system in two cases, 
(a) the closed system, where the atoms contained in the 
cavity mode are assumed to be stationary and so the 
same atoms are always coupled to the cavity and (b) the 
open system, where the atoms enter and exit the cavity 
mode volume, with the constraint that the total number 
of atoms within the cavity mode is constant. Initially, 
the calculations are setup for stationary atoms and the 
exchange of atoms is incorporated later. 

The schematic conceptualization of the system is illus¬ 
trated in Fig. I^a). For specificity we consider a medium 
made up of atoms having two ground states |I) and |2). 
States |1) and |2) are non degenerate, and cannot decay 
by any radiative or other process from one to another. 
The only process by which the ground state populations 
of the stationary atoms change is via optical transitions, 
with the excited states. The two ground states are en¬ 
ergetically close to each other when compared to first 
excited state, such that at room temperature the pop- 
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FIG. 1: (a) Schematic diagram of the system. The atoms 
are enclosed in a cell, located within the Fabry-Perot cavity. 
The filled circles represent atoms overlapped with the mode 
and the empty circles represent the background atom vapor. 
The incident probe beam, on cavity resonance is transmitted 
through. A transverse control beam (dashed) intersects the 
cavity mode volume. On atomic resonance, cavity mode light 
intensity is affected by the presence of the control light beam, 
which affects the light transmitted through the cavity. The 
inset (b) shows the atomic level scheme. The probe laser beam 
is near resonant with transition |1) |3) with frequency ujp 

and detuning Ap, and the control laser beam is near resonant 
with 12) -f-)- 14) with frequency and detuning A^. 


ulation is split equally between the two ground states. 
The excited atomic states are |3) and |4), which are non¬ 
degenerate. Dipole allowed transitions are possible be¬ 
tween both the excited states and the ground states, and 
so an excited atom can spontaneously emit a photon and 
populate either one of these ground states. Below we 
consider mechanisms which transfer the populations from 
one ground state to another, in the presence of the ex¬ 
ternally applied light fields, for various atomic level sub¬ 
systems. While four level atoms in a cavity have been 
previously studied in a ring cavity Enum, in our work 
we use a Fabry-Perot cavity. The details of the cavity 
parameters used are provided in the text, when the first 
results are quantified. 


III. CLOSED SYSTEM OF ATOMS 


the operator aij = |f) {j\, we can write the Hamiltonian 
for the four level atom with eigenstates |2), |1), |3) and 
|4) and eigenenergies Hu !2 = 0, hioi, hui^ and Huj 4 ^ along 
with the two fields, consistent with the energy level dia¬ 
gram in Fig. [^b) as 

H = H (diiwi -I- assUJs + 0 - 44 ^ 4 ) 

+ng (a'l'diae”'’* -b 

+n (H*d24e““* + ^<7426-*““*) . ( 1 ) 

In the above equation, g = —fj,i3^yu}p/{2HeoV) is atom- 
cavity coupling, where gis is the transition dipole ma¬ 
trix element between |3) and |1), d and d^ are photon 
annihilation and creation operators for the probe field, 
n = —g 2 i\Ec\/d is Rabi frequency for control beam, 
where ^24 is the transition dipole matrix element between 
14) and |2), \Ec\ is the magnitude of electric field of the 
control light, and * denotes complex conjugate. The in¬ 
tensity of control beam is kept constant. 

As we are not in the single photon regime, it is appro¬ 
priate to consider the expectation values for the field op¬ 
erators in the cavity mode, where a = (a) and a* = (a^) 
correspond to the coherent field, and a™ is the input 
probe field. In general the evolution equation for the ex¬ 
pectation value for an operator X, for the atomic system 
under consideration is written as 


d{X) 

dt 




( 2 ) 


where, [H, X] is the commutator of X with the Hamil¬ 
tonian, H. For the atom-cavity system defined above, 
with the restrictions imposed on the four-level system, 
the evolution equations for the atomic states and the 
cavity field, after including spontaneous emission rates 
and cavity loss terms phenomenologically, result in the 
reduced set of coupled differential equations [22H25] . 


a 

P 13 

hs 

Pii 

P 24 

P44 

P 22 


- Kta - igNatPis 

- (713 -b iXp) pi3 + iga{p 33 - pn) 

-rp33 + i9{<XPl3 - OIPI3) 

2 P44 + -^ P33 - ig{ct*Pl3 - aPi3) 

- (724 + fAc) P24 + i^ipii - P 22 ) 

-rp44 + f(f2>24 - ^pIa) 

^ P44 + ^ P 33 — iiyEP2i — ^P2i)- (3) 



A. Four level atoms 

For the four-level stationary atoms, as shown in Fig.[2 
we have an ensemble of atoms placed within the cavity 
mode. The cavity mode beam (probe beam) with fre¬ 
quency ujp, is tuned to the |1) O |3) resonance. The con¬ 
trol beam with frequency Wc, is orthogonal to the cavity 
axis and is tuned to the |2) -o- |4) resonance. Identifying 


Here, a is the intra-cavity field, a™ is the probe field, 
Ki is transmission rate related to transmission coefficient 
(T) of input mirror given by, ki = where is round 
trip time of the photon in the cavity, and Kt the total 
loss rate of cavity. In addition, F is the spontaneous 
emission decay rate from the excited states, 713 and 724 
are the decoherence rates for coherence between states 
{|3), |1)} and {|4), |2)} respectively. The probe laser de¬ 
tuning from the |1) O |3) transition is Ap = ( 023 —wi)—Wp 
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and the control laser detuning from the |2) -o- |4) transi¬ 
tion is Ac = (a ;4 — uj 2 ) — The probe is resonant with 
the cavity (wp = LOca). 

The objective throughout this work is to solve for 
the intra-cavity light intensity a, when the states of the 
atoms interact with the light fields. In this case the ap¬ 
plication of the cavity mode laser Wp (|1) -O- |3)) and the 
transverse control laser Wc (|2) -o- |4)) couples the ground 
states of the atoms in a manner that shifts the state pop¬ 
ulations in the atoms. This in turn affects the intensity 
of the light in the cavity mode. The entire coupled sys¬ 
tem of Eqns.j^can be solved to obtained a, with realistic 
parameters for the atom and cavity. 

For the atom, we have P 13 = (|1) (3|) 

and P 24 = (|2) (4|) for the coherences, and 

Pnn = {\ti) {n\) for diagonal terms representing the state 
populations. We neglect collisional dephasing for all 
transitions, and set 724 = 713 = ^ in Eqns. ^ Nat 
is total number of atoms coupled to the cavuy. In 
the a equation, the third term represents the loss of 
intracavity light due to the presence of spontaneously 
emitting resonant atoms in the cavity and is proportional 
to no. of atoms (Nat)- 

In steady state, d = 0 and pmn = 0,V(m, n) and 
Eqns. ([3) becomes a set of linear equations which can 
be solved algebraically. Eliminating the atomic variables 
we get a nonlinear equation of degree 3 in a, 

Op” - Kta - Kata = 0, (4) 

where Kat is decay rate of cavity field due to the atoms 
and is given by, 

__ 2Natg^iT-2t Ap) 

+ (r2 + 4A2)' 

The quadratic dependence on a in the denominator turns 
Eqn. Q into a cubic equation. The negative sign in front 
of the third term represents the interaction of cavity field 
with atoms is lossy due to spontaneous emission. The 
solution of Eqn. @ allows the existence of 3 steady state 
values of a for same ai„, as shown in Fig. 

The part of the solution to Eqn. with negative slope 
is an unstable solution m of the cubic equation. Exper¬ 
imentally, the system transits from one stable solution 
to another, therefore exhibiting bistability in the regime 
where multiple solutions exist for a given value of ain- In 
Fig-d we have converted the cavity field into power, for 
comparison with experiments. This is achieved by multi¬ 
plying intra-cavity intensity 2 |a.|Q ,|2 i-,y transmis¬ 

sion coefficient 2kiTc and area of beam A = 6.2 x 10“2 
mm^. Here is the proportionality constant be¬ 

tween electric field operator inside cavity and the oper¬ 
ators a and d\ V is volume of cavity mode and ojca is 
cavity resonance frequency. For the calculation the cav¬ 
ity parameters are k* = 4.38 MHz, ki = 0.492 MHz, 




(^)2 + 16 + 4 (^) 
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FIG. 2: Transmitted power of cavity versus input power after 
solving Eqn. 0 numerically and converting to SI units. The 
different curves correspond to different detunings of the probe 
laser from the atomic resonance. When there are no atoms, 
then the response is linear. As Ap changes, the nature of 
the hysteresis and therefore the region for bistable behaviour 
changes. All curves are for control power corresponding to 
fl/27r = —50 Ghz and detuning Ac = 0 
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FIG. 3: Bistable curves for two different control beam powers 
with Ap = 2r. 


Tc = 0.305 ns and Nat = 5 x 10"^. The values for atomic 
transitions are based on the ground states (|1), |2)) cor¬ 
respond to 5 ‘^Si/2iF = 2, F = 1) and excited states 
(|3), |4)) correspond to ^^Ps/ 2 {F = ^^F = 2.) respec¬ 
tively of ®^Rb D 2 transition and = 6.06 MHz |26) . 
H/27r = —50 Ghz corresponding to I/rW power of con¬ 
trol beam, g/2TT = —40 kHz. The parameter values above 
are fairly representative of our generic experimental lab¬ 
oratory conditions m- 

The cavity output power as a function of input power, 
in the presence of transverse control light field with 
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FIG. 4: Hysteresis for the two different control beam powers 
in Fig.[^ with probe beam detuning Ap = 2r. The hysteresis 
shown here is a result of following the change in output as the 
input is increased and decreased adiabatically. 


r2/27r = —50 Ghz is illustrated in Fig. From the fig¬ 
ure, we infer that as the detuning of probe beam from 
the atomic resonance increases, the region of bistability 
decreases and beyond a point, for very large detunings, 
the system reduces to the one where no resonant atoms 
are present in the cavity and the empty cavity response 
is obtained. This is clear from Eqn. Q, in the limit of 
large Ap. 

For large control laser power represented by n/2Tr « 
—50 Ghz, 16 (F/n)^ > (Ac/|n|)^, the loss in cav¬ 

ity light becomes largely independent of the probe power 
as can be inferred from above condition and Eqn. Q. 
However, for H of the order of F the loss of cavity light 
becomes dependent on control power as seen in Fig. 

In this range the intra-cavity probe light intensity can 
be significantly altered by changing the ratio of control 
power to cavity input power Pc/Pin ~ 10“®. This shows 
that a very weak transverse intensity of light, under suit¬ 
able conditions is able to control the intra-cavity light 
intensity of the probe beam. This regime of control is 
available only in the region where the bistability is mani¬ 
fested. When the intra-cavity intensity is high, and when 
H ^ F we obtain a saturated regime, where adding more 
power to probe or control beam does not alter the intra 
cavity field significantly. 

The set of partial differential equations (Eqns. §) can 
be solved in a Mathematica Notebook numerically, by 
adiabatically increasing and then decreasing the input 
power of probe beam while keeping the power of the con¬ 
trol beam at a given value. In this case, the change in 
the output power can be followed by tracking the intra¬ 
cavity field a and converting it into a transmitted output 
intensity using the cavity ki. The resulting intensity of 
the transmitted light is seen to exhibit a hysteresis as 
seen in Fig Here, as the control power is increased, 
the hysteresis features moves to higher values of the probe 
light intensity. The observed hysteresis is consistent with 
the steady state solutions that exhibit bistability and the 
transmitted light intensity follows the positive slopes of 
the bistability solution. 


B. Three level atoms 


The three-level atom is easily adapted from the earlier 
four-level atom by eliminating the |4) excited state. The 
probe beam frequencies and detunings remain the same 
while the control beam couples |2) o |3), with detuning 
Ac = (wa — UJ 2 ) — uJc- The resulting three level system 
has two ground states and thus is a A system. The rate 
equations can be derived in a manner analogous to that 
of Eqns. and can be written as. 


a 

P13 

Pii 

P33 

P23 

Pl 2 

P22 


- Kta - igNatPis 

- (713 -f iAp) pi3 + iga{p 33 - pn) - iVLpi2 

F F „ 

^ P 44 + ^ P33 — ig{cPPi3 — ap\3) 

-rp33 + ig{.a*P13 - apl^) + i{n*p23 - 

- (723 + * Ac) P23 + i^{P33 - P22) - iagp*i2 

- (712 + *[Ac - Ap]) P12 -f iagp23 - P13 

^P33-i{n*p23-^P*23), ( 5 ) 



where 713 = 723 = and 7]^2 is the collisional dephasing, 
between the ground states. This is the general descrip¬ 
tion when the atoms are in motion, but still coupled to 
the cavity mode at all times. For the three-level scheme, 
we consider the complete set of evolution equations, un¬ 
like the four-level case. The coherence term between the 



FIG. 5: Bistability in case of a three level system for different 
values of detuning. Here |H|/27r = 5.15 MHz. Unlike the 4 
level system the bistable curves have two distinct regions of 
negative slope in some cases. The four curves illustrate the 
different cases of probe and control detuning, as specified in 
legend. 
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ground states | 1 ) and | 2 ) plays a role here due to the com¬ 
mon excited state |3). All other notations are the same 
as those defined alongside Eqns , in the four-level case. 
Similar to the four-level case the steady state equation 
for a can be calculated, yielding an equation in a of the 
form 


a™ - KtOi - kata = 0, (6) 

where ki and nt have been defined earlier and kat is decay 
rate of cavity field from atoms given by, 

- _ Tia + T2\a\‘^a 

“ T3|a|6TT4|a|4 +T5Ta|2TT6’ ^ ^ 

which results in a seventh power equation in a, giving 
rise to interesting consequences. The values of Ti,...,Tq 
are given in the appendix. 

For a specific case oi g <^V,, T, above solution reduces 
to the one derived in [5S] which does not result in hys¬ 
teresis. The seventh power of a in Eqn. Q gives rise 
to an input-output relation when the two light frequen¬ 
cies are close to resonance, which is far richer than the 
case of the four level system, within the approximations 
made. A seventh order cavity field solution can result in 
multi-stability and multiple bistability as seen in Fig. 
and Fig. 

When the gas of atoms is dilute and stationary, the as¬ 
sumption 742 —>■ 0 holds and equal detuning i.e Ap = Ac 
implies that kat = Oj resulting in electromagnetically in¬ 
duced transparency (FIT) [5^. This results in Eqn. ^ 
becoming linear in a due to the fact that the medium 
becomes transparent in steady state and so the trans¬ 
mitted light depends only on cavity loss. Hence there is 
no bistability, as has been observed experimentally [50] . 
For Ap ^ Ac we see bistability, as shown in Fig. De¬ 
pending on the system parameters, the nature of the so¬ 
lution can be altered such that the adiabatic solution of 
the curve can exhibit multiple bistable behaviour. This 
is seen in Fig. and Fig. 



level atom-cavity system is significantly affected. Below 
we formulate the atom-cavity problem by creating a sim¬ 
ple exchange model where atoms are exchanged between 
the cavity mode and the reservoir. In this case the switch¬ 
ing response of light through the cavity can be studied 
and connected to the experiments in Sharma et. al [T|. 

The principle difference with respect to the stationary 
atom model is that the state of the ensemble (density ma¬ 
trix) in the cavity mode changes, as the atoms interacting 
with the cavity go out of the cavity mode and background 
gas atoms are added to the ensemble of atoms inside the 
cavity. Consider the case when the flow rate of atoms 
from the cavity mode is i?/. After time t the fraction of 
atoms remaining are When Ni atoms with state 

Pi are mixed with, N 2 atoms with state p 2 , the statistical 
mixture of both gives density matrix. 


P = 


1 

Al -f A2 


{Nipi -\- N2P2)- 


If p{t) is the density matrix at time t the density matrix 
after small time t is 


p(t + r) = e-^/V(t) + (l-e-«nP°, 

where is density matrix of external atoms entering the 
cavity mode. For small r ^ {1/i?/, Tc, l/F}, « 

1 — RfT and (1 — « RfT. Therefore, 


p{t + t)- p{t) 

T 


-Rfp{t) -I- Rfp^ 


and in the limit r —>■ 0 , 


= R,\P - p{t)\. 

For four-level atoms the equations are same as eqns. 
with addition of term RfiPnm ~ Pnm) on right hand side 
for atomic operators The corresponding 

set of equations with the exchange incorporated is repro¬ 
duced in the Appendix. 


IV. OPEN SYSTEM OF ATOMS 
A. Four level atoms 

So far the atoms that have been considered are static, 
i.e. they do not flow in and out of the cavity mode. 
We now consider a situation where the resonant atoms 
are swapped in and out of the cavity mode, while main¬ 
taining the number of atoms within the mode constant 
with time. Such a system describes the case when the 
atomic reservoir is much larger than the volume of the 
cavity mode, and represents an open system of atoms 
coupled to the cavity. Experimentally this is satisfied for 
the schematic illustrated in Fig. [T] For such a system, 
the steady state behaviour of the atom-cavity system re¬ 
mains the same while the transient response of the four 
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FIG. 6: Double hysteresis for the case of Ap = 0, Ac = 2r and 
|H|/27r = 5.15 MHz in Fig.The increasing and decreasing 
legend represents the sense of the change in the input probe 
power. 
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FIG. 7: Bistability when atoms are flowing in and out of 
cavity. The two curves correspond to the condition when the 
control light is off and on as seen in the legend. 


For an atom at room temperature P 44 = /933 = P 43 = 
P 2 i « 0 and P 22 = p\i ~ 0.5. In such a system of atoms 
the steady state loss of cavity field due to interaction 
with the atoms, represented by Kat in the intracavity field 
eqn Q, when control light is off (i.e. = 0 ) is, 

_ Nqtg^RfAjB - 2 iAp) 

“ 2|a| V^C' + RfA (4A2 +B^)’ ^ ^ 

where we identify A = F + Rf, B = r + 2Rf and 
C = r + 4ii/. Thus the system exhibits bistable be¬ 
haviour, both with and without the presence of the con¬ 
trol beam. Here the saturated sample is continuously 
replaced by a thermal sample hence there is continuous 
supply of fresh atoms in ground state | 1 ), which is equiv¬ 
alent to the action of the control beam for the stationary 
atom case. When the control beam is incident on a small 
fraction of atoms we see a shift in bistability, as shown 
in Fig. At input power of 430 /iW, in the case when 
|r 2 | = 0 , i.e. when there is no intersecting transverse 
beam, the atom-cavity system is on the upper branch of 
the stability curve and when |H| = 1.76 MHz the stabil¬ 
ity point exists only on the lower branch of the stability 
curve, as seen in Fig. On the lower intensity branch 
the output is almost zero. Hence the above fact can be 
used for switching on and off the cavity output by turn¬ 
ing off and on the control beam instantaneously. For 
figure Fig. [^parameters different from those used in the 
computation of Fig. [^ are k* = 39 MHz, g/2TT = 11.8 
kHz, Tc = 0.533 ns, Nqt = 5 x 10^, Ap = lOF. The 
fraction of atoms addressed by control beam is 0.025 and 
i?//(27r) = 5.5 kHz. Above parameters are close to the 
experiment of Sharma et. al. [T]. 

The transient behaviour of the intra-cavity intensity, 
when the control beam is switched on is solved by track¬ 
ing the time evolution of the atomic states in the in¬ 
tersection volume of the cavity mode and the transverse 
beam. This is done by first solving the rate equations nu¬ 
merically (using NDSolve in Mathematica v9.0) till the 
system reaches steady state with H = 0. The second 
step is to solve the equations again with H 7 ^ 0 with ini¬ 
tial conditions same as the final conditions of first step. 


Finally, the third step is to solve the equations again 
when the control beam is switched off {FI = 0) with ini¬ 
tial conditions same as final state of second step. The 
second and third steps corresponds to switching on and 
off the control beam. The numerical solutions give time 
evolution of cavity field. The underlying physics is that 
the system operating point shifts from the hysteresis so¬ 
lution for the initial condition to that for the final state. 
In this process, for parameters which closely relate to the 
switching regime in Sharma et. al. [1], we find that the 
intra-cavity intensity shifts from the upper branch of the 
initial system when H = 0 to the lower branch of the final 
system when FI = 1.76 Mhz. This is the experimentally 
demonstrated negative logic switching [1]. 

For the case when the four level atoms are static, the 
transient response time for the switching is rapid (sub- 
micro-second). However, introduction of the exchange to 
mimic the atoms flow into and out of the cavity mode 
keeps readjusting the ground state populations and pre¬ 
vents the intra-cavity atoms from rapid optical pumping, 
resulting in large decay times of the cavity mode as can 
be seen in Fig. The figure shows the time evolution 
of output power when control beam is suddenly turned 
on and off. While there are fast fluctuations in the field 
values, the envelope of the intra-cavity intensity rise and 
fall times is of the order of 0.2 ms which is of the order 
2tt /Rf. This behaviour is consistent with the long time 
responses measured in Sharma et. al [T], and the com¬ 
plex transient behaviour prevents the switching times in 
[T] from exhibiting single exponential response. 



FIG. 8: Time evolution of cavity output power when the cav¬ 
ity input laser is switched by the control beam. Here control 
off is |n|/27r = 0 and control beam on is |f2|/27r = 1.76 Mhz. 
The input power of 430 /rW corresponds to the bistability 
parameter region in Fig. [^ The sub-ms slow response of the 
output power is clearly seen. The inset shows the suh-ps re¬ 
sponse of the transmitted power, where the left ordinate axis 
is the power in the control off case and right axis is the power 
for the control on. The time axis is in ms. Clearly the short 
time behaviour is complex. 
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B. Two level atoms with decay loss 

The special case of the four level system, where both 
the probe and control laser are resonant with the |1) O 
1 3) transition, constitutes the two level system that is 
experimentally relevant. For such a system, there is a 
possibility that an atom in |3) decays to the other ground 
state 12), but in |2), the atom is no longer optically active 


and the overall effect of the presence of the other ground 
state is that of an optical loss mechanism created by the 
decay from |3). The experimental realization of this is 
simple and it results in a different response of the cavity 
transmission. 

Here assuming = 0 and 7^2 = 0 and all other terms 
as before, the coupled differential equations describing 
the system can be written as. 


a 

P13 

P33 

Pii 

P22 


Op” - Kta- igNatPis 

- (713 + iAp) pi 3 + iga{p 33 - pn) + i^{p33 - Pii) + Rf{Pi3 - 
-rp 33 + ig{a*pi3 - apl3) + i{n*pi 3 - npls) + Rf{pl3 - P33) 

^ P 33 - ig{a*Pi 3 - apta) - i{VL*pi 3 - + i?/(p?i - pn) 

Y 

^ P33 + Rf{P 22 - P 22 )- 



P13) 


(9) 


Solving for Hat in Eqn. Q gives, 

^ NqtgRfAjg + n/a){B - 2iAp) 

2BC\ga + n\^ + RfA[4Aj + B^]' ^ ^ 

A,B and C are defined earlier. 

Once again there exists a cubic equation in a, which 
is the type of solution that supports bistability and hys¬ 
teresis. Here the equations have been written with the 
exchange rate of atoms incorporated. Solving for the 
same atom cavity parameters as used for the four-level 
open system, we see that in this case, the control beam 
pumps atoms out of the cavity light cycle and hence re¬ 
duce probe loss. The shift in the bistable region of the 
output response to lower input intensity, shown in Fig. 
confirms this. The corresponding hysteresis plot can be 
readily imagined and the positive logic or cavity mode 
enhancement experiments [1] follow from the processes 
described above. Without undue repetition, we can ob¬ 
serve from Fig.j^that, in a region of input power values of 
the probe, the application of the appropriate intensity of 
control laser can promote the transmission from low in¬ 
tensity to high intensity in positive switching logic. The 
transient properties are similar that of the four-level case 
with non-static atoms, as can and should be expected, in 
line with the experimental observations. 


V. DISCUSSION 

As can be seen from the results above, the division 
of the problem into a closed and open atomic ensemble 
interacting with the cavity mode expresses itself in the 



FIG. 9: Bistability for atoms with exchange when control 
beam is in resonance with levels |1) and |3), making it a two 
level system with loss. Here the fraction of atoms addressed 
by control beam is 0.2, all other parameters are same as the 
values used for Fig. 


transient response to controlled intra-cavity light inten¬ 
sity. The theoretical solutions obtained can be explicitly 
tested in experiments since the values for the atomic tran¬ 
sitions and fields used in the explicit solutions, are close 
to the experimental values for Rb. We expect that the 
generic features of the results here are independent of the 
particular atomic system and cavity parameters. We now 
discuss the simplihcations and extensions of this work to 
experiments. The ®^Rb energy levels considered in the 
above calculations are the 5S'i/2, F = 1,2 and the 5 P 3 / 2 , 
F' = 1,2, so that there are no closed optical transitions in 
the system. This choice represents the most general four- 
level system. In the experiments of Sharma et. al. [1], 
the majority of the experiments were performed by tun¬ 
ing the lasers to the maxima of the Doppler broadened 
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Atomic Ensemble 



FIG. 10: Schematic diagram for closed system of atoms. The 
black spot can represent an ensemble of laser cooled and 
trapped atoms or ions, or atoms in a dipole trap. 


absorption, and therefore close to the 5 P 3 / 2 , F' = 3,4. 
Further the Doppler spread and the velocity dependent 
coupling of the atoms to the cavity in the open system 
case has not been considered in the model, which is ex¬ 
pected to contribute to the details of the experimental 
results. While the effort has been to keep the agreement 
between theoretical parameters and experiment as close 
as possible, there are significant departures between the 
analysis in this article and the experimental realization in 
Sharma et. al [T]. Therefore while qualitative agreement 
can be expected between the theory here and the exper¬ 
iment [ 1 ], the present work does not attempt to provide 
detailed quantitative agreement. 


A. Closed system of atoms 

A viable candidate for a closed system of atoms can be 
a cold atom ensemble that is contained within the mode 
volume of the cavity as illustrated in the Fig.[^ For such 
a system, using initially state prepared atoms, a num¬ 
ber of situations with four, three and two level atomic 
systems can be studied, with a small number of atoms 
present in the cavity mode. The simulations for this case 
above have been done with Nat = 5 x lO'^ atoms and the 
lasers plus the detection technologies required are readily 
available. In all cases with the closed system, resonant 
light in the cavity mode will lead to optical pumping into 
the alternate ground state and lead the system into trans¬ 
parency. Therefore to control the intra-cavity light field, 
it is essential to have a non-zero transverse field which 
allows the atom to interact with the cavity field. 

When a weak control light is incident on the atoms con¬ 
necting an excited state with the erstwhile dark ground 
state, the optical pumping effects are reversed and a si¬ 
multaneous non-zero population of both ground states 
manifests. In a specific range of system parameters which 
depend on the detunings and intensities of the two fields, 
steady state bistability of the transmitted light intensity 
is observed. This can be used to control the transmit¬ 
ted light intensity through the cavity and in the limit of 
weak fields and small atom numbers, can be used as a 



FIG. 11: Fast Switching times for closed 4 level system. Here 
control off is |H|/27r = 0 and control beam on is |fl|/27r = 31 
Mhz. The input power of 1 /rW corresponds to the lower part 
of the second bistability curve in Fig. when control is on 
and the no atoms curve in Fig. when control is off. 

very sensitive all optical switch. The choice of doing this 
with either the four level atom or the three level atom 
exists. 

Due to negligible Doppler broadening for laser cooled 
atoms, the three level system is practically realizable. 
The solution for this system is particularly rich, as seen 
in EH- As the relative detunings are altered, complex 
output to input intensity dependences show up, result¬ 
ing in multiple bistability in some cases. The parameter 
space for observation of multiple bistability needs care¬ 
ful adjustment of intensity and detunings, an example of 
this is seen in Fig. and Fig. It might be possible to 
exploit the multiple bistability regime for a 2+-level all 
optical switch, where instead of just the turning on and 
off of the cavity field, intermediate, stable intra-cavity 
light intensities are possible. This would open up new 
possibilities for the precise control of the degree of atom- 
cavity field interaction, by manipulation of the control 
light field. 

The transient response of the intra-cavity light field for 
the closed system depends on the atom-cavity coupling, 
the reflectivity of the cavity mirrors and the cavity mode 
volume. The transient response in this case is of the or¬ 
der of a microsecond (Fig[^, for both the rise and fall 
times of the intra-cavity intensity, when solved for the ex¬ 
perimental parameters of Ray et. al. m- A significant 
fraction of the physics discussed here is possible on our 
experiment with cold atoms in the cavity [TS]. While a 
cold atom ensemble also has its losses and flows, our abil¬ 
ity to state prepare the system allows it to be used par¬ 
tially in the manner treated in the present manuscript. 


B. Open system of atoms 

When the atoms from the reservoir move in and out of 
the cavity mode volume, the atomic subsystem is open 
and how this exchange of atoms affects the experimental 
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FIG. 12: Rise and decay of transmitted intensity when cavity 
laser is switched on and off respectively. The input power of 
300 pW corresponds to the lower branch of hysteresis curve 
in Fig. with = 0. 

measurement can be studied in this vapour cell in the 
cavity (Fig. [I|) se tup. The cell can be placed in either a 
ring cavity IIED], or a standing wave Fabry-Perot cavity 
[DHIMl, as discussed here. 

In this system we have a significantly larger number of 
atoms in the cavity mode at any given time, consistent 
with the vapour pressure at room temperature. In addi¬ 
tion the cavity decay rates for photons are much higher 
since the cavity has very high loss, i.e. Kt is very high. 
Further the atom-cavity coupling g is much lower in this 
case than that for the cold atoms. 

Of the many connections that the model makes with 
the experiment [1], a key one is in the understanding of 
the long rise time (« 0.2 ms) for the cavity field, when 
resonant probe light is suddenly switched on, in the ab¬ 
sence of control beam. This long rise time is due to the 
inclusion of atom flow in and out from the cavity mode 
volume, as seen in Fig. If the flow of atoms is not 
incorporated, then the field build up in the cavity is two 
orders of magnitude faster (2 /xs). When the probe field 
is physically switched off, the decay of the cavity field is 
very rapid. Both the rise and the decay of the resonant 
probe field is shown in Fig. In both the rise and de¬ 
cay, fast oscillations are seen in the time evolution. From 
this it is clear that the transient response of the resonant 
atom-cavity system is critically altered by the movement 
of atoms in and out of the cavity mode. The constant Rf 
for the calculations is extracted from the experiment [1] 
and then introduced into the evolution equations for the 
atom-field system to obtain the results reported here. 

For the open system, even when the control beam is 
off, the atom-cavity bistability is observed [1]. This is 
due to the continuous flow of ground state atoms in the 
cavity mode volume, which has the effect of continu¬ 
ously maintaining the atomic population in both atomic 
ground states. The effect of the control beam is that the 


particular value of input light intensity, where the cavity 
field solution becomes bistable shifts, (a) to higher input 
light power values, when the control is on the comple¬ 
mentary transition (full four level system), and (b) to 
lower light input powers when the control is on the same 
transition as the probe (two level system with decay). 

The observation that for high intra-cavity intensity of 
the probe light, even relatively large intensities of con¬ 
trol light is unable to switch the probe transmission off, 
is explained by the intracavity intensity jumping between 
the upper branches of the hysteresis curve, resulting in 
small changes in the intra-cavity intensity, and therefore 
the transmitted light intensity. It is therefore clear that 
the switching of the cavity light intensity as described in 
Sharma et. al. [T] is possible only in a window of param¬ 
eter space, which can be calculated using the methods 
described here. 

A particularly challenging problem posed by the ex¬ 
periment [T] was the large time constant for the decay 
of the cavity mode intensity, when the control beam is 
switched on, in the negative logic case. The measured 
time constant was « 0.5 ms. This was explained by the 
incorporation of the exchange of atoms between the cav¬ 
ity mode and the thermal reservoir. The decay time for 
the cavity field on transverse switching, for the open sys¬ 
tem is shown in Fig. This large decay time reduces by 
orders of magnitude(0.6 gs) for the closed system. 

VI. CONCLUSIONS 

The atom-cavity system’s ability to transmit resonant 
light is studied in detail. The solutions for 4-level, 3- 
level and 2-level atoms are solved for realistic atom-cavity 
parameters. The solutions are constructed for the case 
when the atoms are stationary in the cavity mode and 
in generalization, when the atoms are exchanged with a 
reservoir. It is shown that the motion of the atoms is 
reflected in the transient properties of the transmitted 
light through the cavity. All the key features of the re¬ 
cent experiment of Sharma et. al. [T] are qualitatively 
understood on the basis of the theoretical analysis here. 
The possibility of adapting these systems for the study 
of multiple-bistability, multistability and with cold atom 
ensembles are exciting prospects for the future experi¬ 
ments. 
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Appendix 


a. 3 level atoms 


The values of Ti,Tg in |IIIB[ 


Ti 

T2 

Ts 

Ti 

n 

Te 


2g'^Nat\n\^ [r(r - 2*Ap) ( 7 'i 2 + (Ap - Ae)2) + 2T\n\^-f[^ + lAp - tA,) 

[- 27 j 2 (*Ap + iAc) + r(7i2 + iAp - lA^)] 

4rg6 

+ 2TA,{Ap - A,) + 3|flp(r + 47'i2)] 

g^ [r (r^ + 4 a 2) (y ?2 + - Ac)") + sifip (r 27;2 + 3r7'?2 + 2 r(Ap - 

+ i2|r!|4(r + 47;2)] 

r|fi|2 (r2 + 4A^) (yi2 + (Ap - aj^) + 4r|ii|6 + |fi|4[r27;2 + 2rAp(Ae 


Ac)" + 7^2 (Ap + Ac)") 

-Ap)]. 


(A.l) 


b. Open system of four level atoms 


The coupled time dependent equations including the flow for the case in IV A 


For fl y 0 we get Kat 


a = 

\ n- P 

V ‘ c 

- Kta - 

igNatPl3 



P 13 = 

- (713 + 

*Ap)pi3 

+ iga{p33 

- pii) + Rf{p% 

- P 13 ) 

P33 = 

—rp33 + 

ig{a*pi3 - apis) + 

RfiPss - P 33 ) 


Pii = 

2 + 

1 

2 

ig{a*pi3 - 

apis)+Rf{Pii 

- Pll) 

P 24 = 

- (724 + 

iAc) p2i 

+ iV,{p44 - 

- P 22 ) + ■R/(P24 - 

■ P 24 ) 

P44 = 

— rp44 + 

i{n*P2i 

— ^pli) + 

Rf{P44 ~ P 44 ) 


P 22 = 

2 + 

r 

2 

ig{Vt*P 24 - 

A!p^4) + i?/(p°2 

- P 22 ) 

y where, 







(A.2) 


E = g^NatA{B - 2iAp) {A\n\^B^ + RfA[4Al + B^]} 

F = 2\a\^g^B{l6\n\‘^B^+AC[AAl + B^]}+A{4Al + B^){2\n\'^BC + RfA[4Al + B‘^])} (A.3) 

A, B and C are defined in |IV A| 


c. Open system of two level atoms with decay loss 


The equations for the case in IV B 


a 

Pl 3 

P 33 

Pii 

P22 


Op KtCl igA^atPl^ 

— (713 + *Ap) pi 3 + iga{p 33 — pu) + *11(^33 — pn) + Rf{p\^ — 

-rp33 + ig{a*pi3 - apis) + y^2>i3 - IIp);3) + i?/(p33 - P 33 ) 

^ P33 - ig{a Pi3 - apis) - P13 - ^pls) + Rf{p\i - Pu) 

Y 

P33 + Rf{P22 - P22)- 



P 13 ) 


(A.4) 
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